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We investigate the photoassociation dynamics of exactly two laser-cooled 85Rb atoms in an optical
tweezer and reveal fundamentally different behavior to photoassociation in many-atom ensembles.
We observe non-exponential decay in our two-atom experiment that cannot be described by a sin-
gle rate coefficient and find its origin in our system’s pair correlation. This is in stark contrast to
many-atom photoassociation dynamics, which are governed by exponential decay with a single rate
coefficient. We also investigate photoassociation in a three-atom system, thereby probing the transi-
tion from two-atom dynamics to many-atom dynamics. Our experiments reveal additional reaction
dynamics that are only accessible through the control of single atoms and suggest photoassociation
could measure pair correlations in few-atom systems. It further showcases our complete control over
the quantum state of individual atoms and molecules, which provides information unobtainable from
many-atom experiments.
Chemical processes govern the natural world and are
used to create desired molecular structures. Such reac-
tions usually occur in macroscopic samples of atoms and
molecules that interact in many different ways. How-
ever, the tantalizing prospect of assembling individual
molecules atom-by-atom via optical tweezers is emerg-
ing [1–5]. Developed to its full capacity, this bottom-up
approach could realize the enduring scientific ambition of
arranging atoms in molecules the way we want [6–8]. Fur-
thermore, studying the formation of individual molecules
isolates the reaction dynamics of interest from additional
undesirable processes, such as spurious inter-molecular
collisions, thereby giving unprecedented insight into the
underlying physics.
An ideal process for controlled molecular formation
is photoassociation, where light converts two colliding
atoms into a molecule. All prior studies into photoassoci-
ation dynamics were conducted in many-atom ensembles
of laser-cooled or Bose-condensed atoms [9–13]. In these
systems, the molecule formation dynamics is character-
ized by a single rate coefficient K2 [14, 15].
In this work, we observe the dynamics of exactly two
atoms undergoing photoassociation in an optical tweezer
for the first time. The dynamics significantly differ
from those in many-atom ensembles and the molecule
formation cannot be described by a single rate coef-
ficient. This is due to conserved pair correlation in
the two-atom system; for two atoms the center-of-mass
and relative-position degrees of freedom are separable in
an optical tweezer. Consequently, thermally-populated
relative-position states either possess strong pair corre-
lations (i.e. a high chance of finding both atoms in the
same position) or are anti-correlated (i.e. a low chance
of finding the pair in the same position). We show
that relative-position states where the atoms are anti-
correlated are unaffected by photoassociation on short
timescales, whereas states where the atom pair is corre-
lated lead to fast molecule formation. We confirm that
this is the underlying cause by investigating the photoas-
sociation dynamics of three atoms, which approach the
well-known dynamics of many-atom experiments.
Experiment.— Our single-atom preparation scheme al-
lows us to prepare a single atom in an optical tweezer
with an efficiency of around 80% and to detect it [16]. We
prepare exactly two atoms in a single tweezer by adiabat-
ically merging two spatially-separated tweezers that each
contain a single atom [17]. The central components of the
setup are shown in Fig. 1(a). We use a high-numerical
aperture lens (NA = 0.55) to create the tightly focused
light of the optical tweezers (red beams), as well as to
collect a large proportion of the scattered imaging light
(green beam), which is sent to a camera to confirm atom
capture in both tweezers.
After the tweezers are merged to transfer both atoms
to the same tweezer, the atoms are exposed to photoas-
sociation light at a frequency near 377.001 14 THz. Us-
ing a stable cavity we can reproduce this frequency with
a precision of 2 MHz. A Ti:Sapph laser delivers this
light using multiple short pulses, during which the op-
tical tweezer is turned off to eliminate any light shift due
to the tweezer light. Photoassociation dynamics occur
on timescales from several µs to several ms. We form
molecules in a high vibrational level of a 0+u state, as il-
lustrated in Fig. 1(b), with the target state determined
by the polarization and frequency of the light that drives
the transition [13, 18–21].
We detect a photoassociation event by imaging the
tweezer after a given time of exposure to photoassoci-
ation light. Formed molecules either quickly decay to
the ground state, which does not scatter imaging light,
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FIG. 1. (a) Schematic of the experimental setup and mea-
surement. The tweezer light is focused by the high-NA lens
to a radial diameter of 1.1 µm. The atoms in the tweezers are
imaged using an EMCCD camera and merged into a single
optical tweezer (black arrows). After applying the photoasso-
ciation light, a single photon counter measures the population
of the tweezer. The green and orange beams show imaging
and photoassociation light, respectively. (b) Sketch of the
photoassociation process. Inset: 1D slice of the two lowest en-
ergy relative-position eigenstates of two atoms in our optical
tweezer, with the Condon radius rc marked for comparison.
or back into two atoms, in which case they have received
enough energy to escape the trap. In both cases no atoms
remain in the tweezer. We use a single photon counter to
precisely measure the amount of scattered imaging light,
which allows us to determine the number of atoms in a
single tweezer [22].
Pair correlation for two atoms.— Since the optical
tweezer is well-approximated as a harmonic potential, the
two-atom centre-of-mass and relative motional degrees of
freedom are separable. Our experiments are performed
with identical bosonic 85Rb atoms, so the even-parity
eigenstates
φn(r) = ϕnx(x)ϕny (y)ϕnz (z) (1)
of the Hamiltonian
Hrel(r) = − ~
2
2µ
∇2r +
∑
i=x,y,z
1
2
µω2i r
2
i , (2)
form a complete set for the dynamics. Here, r = (x, y, z)
is the relative-position co-ordinate, ϕni(ri) are eigen-
states of a 1D harmonic oscillator with frequency ωi and
mass µ = mRb/2 with mRb being the mass of a rubidium
atom (Fig. 1(b) inset). To ensure that φn(r) is sym-
metric under particle exchange, (−1)nx+ny+nz = 1. At
zero separation between the atoms, these eigenstates ei-
ther have a peak (nx, ny, nz all even) or a node (two of
nx, ny, nz odd, one even). Atom pairs thermally populate
these relative-position eigenstates, and since they do not
interact with any other particles they remain in them.
Note that the anti-correlated nodal states remain eigen-
states if a zero range atom-atom interaction is included
in Eq. (2), so the classification of states into correlated
and anti-correlated remains valid for two atoms even in
the presence of short-range interactions.
The correlations of the two-atom wavefunction
strongly determine the photoassociation dynamics [22].
The strength of the photoassociation process depends on
the wavefunction at the Condon radius rc [18]. For laser-
cooled atoms, the thermal de Broglie wavelength λdB is
large compared to the Condon radius (in our experiments
rc = 4.3 nm), so the wavefunction at the Condon radius
is either close to zero for the anti-correlated nodal states
or close to a maximum for correlated pairs (i.e. relative-
position states with a peak at r = 0), as illustrated in the
inset of Fig. 1(b). Consequently, atom pairs initially pre-
pared with strong pair correlations exhibit a much faster
photoassociation rate compared with atom pairs initially
prepared in nodal states. Photoassociation for an atom
pair therefore requires at least a two-timescale model that
accounts for the formation of molecules at two different
rates. Contrast this to the many-atom case, which is
described by a one-timescale model [10].
Two-timescale model of photoassociation.— The upper
panel of Fig. 2 shows a typical measurement of the prob-
ability to find zero or two atoms in the optical tweezer
as a function of photoassociation time. Red crosses show
the probability of having lost both atoms due to photoas-
sociation, while blue circles show the probability of both
atoms remaining in the tweezer. As shown from the one-
timescale fit (dashed lines), the photoassociation dynam-
ics cannot be reproduced using only one photoassociation
rate. However, a good reproduction of the observed dy-
namics is obtained when using the two-timescale model
(solid lines), which includes two independent two-atom
populations with separate photoassociation rates.
Using a χ2 test [23] on all our rate measurements
we find that the one-timescale model is clearly rejected,
while the two-timescale model fit is accepted in most
cases [24]. Our statistical analysis clearly shows the im-
3FIG. 2. Evolution of the tweezer’s population as a function
of photoassociation time for two atoms (upper panel) and
three atoms (lower panel) at a temperature of 35µK. In both
panels, dashed and solid lines indicate the best one- and two-
timescale fits to the experimental data, respectively.
portance of atom-pair correlation on the photoassocia-
tion dynamics.
Further evidence for our two-timescale model is pro-
vided via ab initio numerical simulation of the relative
co-ordinate wavefunction ψ(r, t). We model photoassoci-
ation as an absorbing hard-sphere potential of strength
~γ and radius rc [24]:
i~
∂
∂t
ψ(r, t) = [Hrel(r)− iVPA(r)]ψ(r, t), (3)
where
VPA(r) =
{
~γ, |r| ≤ rc,
0, otherwise.
(4)
The simulation was conducted by averaging over a ther-
mal ensemble of initial states evolved under Eq. (3). The
initial states were relative-position eigenstates φn(r) of
the approximately harmonic trap.
Our simulations qualitatively capture the two-
timescale behavior seen in the experiment. The fast
timescale dynamics are almost entirely due to the decay
of states with an initial peak at zero separation, whereas
decay of states with an initial node at zero separation
occurs on a slower timescale. The lower panel of Fig. 3
shows the density of the thermal ensemble after different
durations of photoassociation. The peak at zero atom-
atom separation in the t = 0 plot is due to the bosonic
enhancement of correlations in a thermal cloud. We ob-
serve a fast depletion of density around zero atom-atom
separation when evolving using Eq. 3 for some time, after
time evolution
normalized density, 1 axis
FIG. 3. Numerical simulation of the atom-pair evolution in
the tweezer under photoassociation. (Upper panel) The popu-
lation over time for an ensemble at temperature 10.5µK, with
the separate contributions due to states where nx, ny, nz are
all even (fast decay) and states where two of nx, ny, nz are
odd (slow decay) also shown. (Lower panel) 1D slice of the
thermal ensemble density along the weak-trapping axis of the
tweezer at different times since illumination with photoasso-
ciation light started. Simulations used trapping frequencies
of ωx = 2pi×20 kHz, ωy = 2pi×93 kHz, and ωz = 1.01ωy, con-
sistent with our experimental setup, and γ = 473 MHz.
which the remaining pairs are anti-correlated, as shown
by a dip in the density at zero atom-atom separation.
This rapid transition from a pair-correlated ensemble to
an anti-pair-correlated ensemble is reflected in the popu-
lation dynamics (upper panel of Fig. 3), confirming that
states with a peak at r = 0 photoassociate fast, while
nodal states remain.
Rate coefficients.— In many-atom ensembles, the sin-
gle rate coefficient K2 that governs photoassociation dy-
namics reaches its highest, unitarity-limited value when
the photoassociation light is at the saturation inten-
sity [8, 12, 25]. For photoassociation of two indistinguish-
able particles with a maximum photoassociation cross
section of σ = λ2dB/(2pi), the unitarity-limited rate coef-
ficient is [26]:
Kunitarity2 =
√
8pi~4/(µ3kBT ). (5)
This highest achievable rate coefficient forms a funda-
mental limit that exists for every scattering process, how-
ever so far it has only been investigated in many-atom
systems.
By adapting the rate equations for inelastic scattering
in the many-atom case [27] to a two-atom system, we can
determine K2 from the experimentally-observed pair-loss
4FIG. 4. Photoassociation rate coefficients with exactly two
atoms in the optical tweezer, for pair-correlated two-atom
states (fast decay) and pair-anticorrelated two-atom states
(slow decay) compared to the unitarity-limited rate coefficient
of Eq. (5). Points in dashed circles line show data at a light
intensity of 230 W cm−2, with other points corresponding to
a light intensity of 580 W cm−2. The green triangles show the
one-timescale rate coefficient in an optical tweezer with three
atoms.
rate γ2 of our trapped atom pair:
K2 =
γ2∫
dr [n(r)]2
, (6)
where n(r) is the normalized thermal density in the op-
tical tweezer [24, 28]. Since we model our system with
a two-timescale model with fast and slow pair-loss rates,
there are two rate coefficients. Our observations of pho-
toassociation dynamics are performed close to the satura-
tion intensity in order to compare to the unitarity-limited
value of our system’s rate coefficient.
Figure 4 shows the observed photoassociation rate co-
efficients of the fast and the slow decaying populations
in our two-atom experiments around the saturation in-
tensity compared to the many-atom unitarity limit. The
fast decay exceeds Kunitarity2 , whereas the rate coefficient
for the slow decay (ascribed to nodal states) remains far
below the many-atom unitarity limit. Recall that the
many-atom unitarity-limited rate assumes that collisions
happen randomly and depend on the average ensemble
density. A plausible explanation for the fast decay ex-
ceeding the unitarity limit could therefore be that the
peaked (pair correlated) states have a higher probability
of being at zero relative position than one would expect
from the ensemble-averaged density.
Photoassociation dynamics for three atoms.— As ar-
gued above, the two-timescale decay in the two-atom sys-
tem is caused by the conserved pair correlation of the two
atoms. Our setup allows the addition of a third atom to
the tweezer, which we used to investigate photoassocia-
tion in a three-atom system and determine how the ad-
dition of an extra atom influences the dynamics. In the
lower panel of Fig. 2 we show the evolution of the tweezer
population starting with three atoms at a temperature of
35 µK. We observe good agreement with a single decay
rate above our detection limit of 3% and a reduced χ2 test
shows no improvement from the use of the two-timescale
models. Moreover, the green triangles in Fig. 4 show
the single rate coefficient obtained with three atoms. We
see excellent agreement with the many-atom unitarity-
limited rate coefficient. These results suggest that the
photoassociation dynamics rapidly approach the many-
atom behavior when additional atoms are added to the
tweezer.
Conclusions and Outlook.— Photoassociation of sin-
gle atoms is a promising path for creating precisely tai-
lored single molecules which are not accessible through
conventional chemistry. Understanding the photoassoci-
ation dynamics of single molecule formation is vital to the
future controlled synthesis of more complex molecules.
We showed the first measurement of photoassociation dy-
namics of exactly two trapped atoms in an isolated sys-
tem. We observed two rate coefficients which are caused
by the conservation of atom-pair correlations, as con-
firmed by numerical simulation of the two-atom system.
In the three-atom system, the photoassociation dynam-
ics are well-described by a single rate coefficient, with
a value consistent with the many-atom unitarity-limited
rate coefficient. Our experimental results show that this
state-dependent photoassociation rate could be used as
a new tool for the production or detection of atom-pair
correlations in future experiments.
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